Nerve The development of electrical excitability has been studied in Rohon-Beard neurons. They are large cells, presumably primary sensory neurons, present during embryonic and larval life in the dorsal spinal cord of Xenopus levis (1). The ionic species which carries the regenerative inward current in Rohon-Beard neurons in vivo changes with the age of the animal (2, 3). Initially, calcium ions are the major contributor to the inward current. Later, sodium ions carry some current, and the action potential is the result of an influx of both cations. Finally, the calcium current becomes undetectable, and the impulse depends on the inward movement of sodium ions.
ABSTRACT
Nerve and muscle cells differentiated morphologically, in cultures of dissociated cells prepared from amphibian neural plate and underlying mesoderm (Xenopus laevis, Nieuwkoop and Faber stage 15). Cultures were grown in a defined medium containing sterile Steinberg's salt solution and 0.1% bovine serum albumin, and maintained for periods up to 5 days.
These neurons were capable of generating action potentials as early as 8 hr after explantation. Electrophysiological determination of the ions responsible for the regenerative inward current of the action potential of these cells in vitro showed a temporal sequence similar to that of Rohon-Beard neurons differentiating in vivo: in early cultures the inward current of the action potential was carried chiefly by Ca++; later both Na+ and Ca++ were involved, and finally most of the inward current was carried by Na+.
The composition of the neuronal population was studied by determining birthdates using autoradiography. Previous work identified a group of neurons including Rohon-Beard cells, extramedullary neurons and large ventral neurons, that are born before the end of gastrulation (stage 13). Both labeled and unlabeled neurons were found in cultures taken from embryos at stage 15 which were injected with (3Hjthymidine at stage 13. This indicates that in addition to the group of neurons born by stage 13 (unlabeled) , others, in S-phase between stages [13] [14] [15] (labeled), were included.
The development of electrical excitability has been studied in Rohon-Beard neurons. They are large cells, presumably primary sensory neurons, present during embryonic and larval life in the dorsal spinal cord of Xenopus levis (1) . The ionic species which carries the regenerative inward current in Rohon-Beard neurons in vivo changes with the age of the animal (2, 3). Initially, calcium ions are the major contributor to the inward current. Later, sodium ions carry some current, and the action potential is the result of an influx of both cations. Finally, the calcium current becomes undetectable, and the impulse depends on the inward movement of sodium ions.
Further analysis of the acquisition of this neuronal property may be facilitated if the same sequence of changes occurs in single cells in vitro. Harrison invented the tissue culture technique in 1907 to determine the mechanism of axon elongation (4) . He explanted portions of frog embryo spinal cord and observed these preparations in a hanging drop of adult frog lymph; "the giant cells described by Rohon and Beard" were among those he studied. More recently, Jones and Elsdale cultured dissociated single cells from Xenopus embryos, in a simple, completely defined medium (5). Cells differentiated into a variety of anatomically distinct cell types. This work has been extended by Jackson, Messenger, and Warner (6) . We The injected embryos progressed through the developmental stages on the normal schedule, even though the cells were exposed to [3H]thymidine and dye for a longer period than the cultures (Lamborghini, in preparation). Cultures were photographed with phase contrast optics using a 40X water immersion lens.
The cells were studied by injection of small currents through the single recording microelectrode (9) , with a continuous perfusion of Ringer solution (NaCl, 125.0 mM; KCl, 3.0 mM; CaCl2, 10 ined; the effects of other ions and drugs were investigated by simply adding small amounts to the Ringer [CoCl2, 10.0 mM; LaCl3, 0.5 mM; tetrodotoxin (TTX, Sigma), 1 ,ug/mlI.
Cultures were fixed for autoradiography in 10% formalin. The coverslips were washed, air dried at room temperature and dipped in 50% Ilford K5 nuclear emulsion. Optimum exposure time was 1 week. After development in Kodak D19 cells were stained through the emulsion with Harris hematoxylin. (Fig. iD) . Action potentials were recorded from these cells, and provide further evidence that they were neurons. We did not impale silent neurons in any of these cultures; all cells with neuronal morphology showed some kind of regenerative response to depolarizing current pulses, when the resting potential was larger than about -30 mV. However, putative notochord or fibroblastic cells with comparable resting potentials seemed inexcitable. Cells with these morphologies were depolarized by amounts greater than their resting potential, without any sign of a regenerative response. Anode break stimulation also failed to elicit action potentials.
RESULTS

Cultures
Spindle-shaped cells were contained in 88% of the cultures; these often had branches ( Fig. 2A-B ). Most cells of this configuration developed striations during the second day of culture (Fig. 2C ) and were skeletal muscle cells. More muscle cells than neurons appeared in these cultures (four to several hundred, mean = 61). Functional neuromuscular synapses were established as early as 21 hr in culture. The nerve cell illustrated in Fig. 3 produced action potentials in response to brief intracellular current pulses delivered at 1 Hz. The muscle cell, with which the nerve cell process came in contact, contracted synchronously with the neuronal impulses, although no myofibrils could be seen.
Other morphologically distinctive cell types also appeared in these cultures. There were large cells that may have come from notochord, and small cells which resembled muscle cells in profile but did not develop visible striations; the latter may have been fibroblasts. Most of the cells in culture failed to attach to the coverslip and differentiate. They remained in suspension just above the bottom of the dish and could be easily blown away with a gentle jet of the culture medium. Autoradiography Embryos were injected with [3H]thymidine at stage 13 (Fig. 5B) . The rapidly rising phase was eliminated by the removal of Na+ or addition of TTX; the shoulder was abolished by Co++ or La+++. The inward current in these cells, like that in Rohon-Beard neurons in vivo at the same stages, was thus carried by both Na+ and Ca++.
Neurons in 3 and 4 day cultures had action potentials of about 1 msec duration which were completely abolished by TTX or the removal of Na+, but showed little change in the presence of Co++ or La+++ (Fig. 5C) . The regenerative inward current in these cells was carried by the Na+ in Ringer solution, as in Rohon-Beard neurons of 3 and 4 day larvae. Reference embryos ranged from stages 44 to 46. We have not determined whether the cultured neurons retain the capacity to produce impulses in solutions containing only divalent cations, when delayed rectification is blocked (e.g., in isotonic Ba++, or Na+-free Ringer plus tetraethylammonium).
A small number of nerve cells in culture were found to have action potentials dependent only on Ca++ at times (e.g., 18 hr-stage 29/30) when Rohon-Beard cells in vivo have a Na+ component to their inward current. A few cells were observed to have action potentials with joint Na+-Ca++ dependence in 2-day-old cultures (reference embryos at stage 41), at a time when most Rohon-Beard cell action potentials in vivo are no longer affected by Co++ and La+++. These findings suggest that there is a second group of cultured neurons which developed electrical excitability later than the Rohon-Beard cells in vivo.
Action potentials were recorded from a total of 52 neurons.
Cells in early cultures (-10 hr) had action potentials that were invariably of long duration. When tested by the criteria above, they were all dependent on Ca++ alone. In contrast, cells in late cultures (>2 days) invariably gave brief action potentials which depended on the presence of Na+ in the Ringer's solution; long Ca++ spikes were absent. There appeared to be no correlation between the ionic basis of the action potential and the length of neurites of a cell. Cells with long or short processes gave (8) . The formation of neuromuscular synapses suggests that motor neurons were present. A simple interpretation of these results is that the developmental sequence of the action potential for Rohon-Beard neurons in the intact animal occurred in a broader population of spinal cord nerve cells in culture. A small fraction of neurons in these cultures had a birthdate after stage 13; these may have been the neurons that seemed to go through the same sequence of changes later. This interpretation is consistent with the observation of Jones and Elsdale (5), who found that cells explanted from neurula stage embryos underwent normal differentiation in culture on the same time course as in vivo. Cells explanted from gastrula stage embryos, in which the onset of differentiation was still some time away, were delayed in their maturation in vitro, although they ultimately differentiated normally (5). The neurons maturing later in our cultures could have been spinal neurons with birthdates after stage 13, which start later but differentiate at the same rate as Rohon-Beard neurons in vivo. However, it is also possible that neurons with different birthdates differentiate at different rates, or that there is no correlation between birthdate and rate of development.
Could the physiological results represent the sampling of invariant characteristics of many different populations rather than a single developmental sequence in two populations? This seems unlikely since long duration, Ca++-dependent impulses were found only in early cultures, and short duration, Na+-dependent action potentials were found only in late cultures. 13 is consistent with this possibility. The attachment of cells to the coverslips may be important for morphological development and thus their physiological development (16) . In this regard, coating the coverslips with collagen may lead to attachment and differentiation of a larger number and different proportion of cell types than occurred on glass alone.
It would be of interest to know when the transcriptional and translational events occur that precede the appearance of the different ion channels in the nerve cell membrane. The experiments necessary to answer these questions are rather difficult to do and interpret when carried out on the cells in intact organisms. Many of the problems may be avoided by studying neurons isolated in culture, which develop in vitro in the same way as in vivo.
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